It is common knowledge that even a trace amount of a chemisorbed species can strongly perturb the surface electronic structure, in particular the surface states, to the point of their complete eradication. We have confirmed this behavior by adsorbing Li on the Ir(111), but surprisingly, we have discovered that in the presence of graphene Li does not suppress the Ir surface state. By combining the results of the low-energy electron diffraction and angle-resolved photoemission spectroscopy with the density functional theory for modeling of the studied systems we can provide a detailed explanation for the observed phenomena. The quenching of the surface state by the electronic states of disordered Li layer on a bare Ir surface is efficiently deactivated by the presence of graphene which shifts the Li states to lower energies thereby leading to the unexpected reappearance of the surface state. Such protection of the surface state coherence from disorder upon intercalation could be used as a benchmark in the toolbox of surface science.
I. INTRODUCTION
Surface states (SS) appear as electron states (bands) highly localized perpendicular to the plane of low index surfaces of metals and semiconductors. They play an important role in many physical processes taking place at surfaces (e.g., catalytic reactions) and material interfaces (e.g., Schottky barriers). Due to their atomic scale localization in the surface region they are extremely sensitive to the presence of adsorbates [1] . A convincing example of the response of surface states to chemisorbed species was revealed in the angle-resolved photoemission spectroscopy (ARPES) observations of the Shockley SS on Cu(001) which were fully removed from the spectrum upon oxygen exposure [2] . However, adsorption may also have a more subtle influence on the SS. Alkali metals (AM) are known to induce a shift of the SS to higher binding energies [3] [4] [5] , accompanied by the broadening of SS peak as a signature of reduced momentum coherence [6] . Generally, adsorbates can generate a wide spectrum of changes in the SS properties [7, 8] . Yet, surfaces covered with a graphene layer may show a very different interaction with adsorbates with respect to the bare surface. For Ir(111) SS it has been experimentally demonstrated that graphene protects it from adsorbates even when the sample is exposed to ambient pressure [9] . Conversely, it is expected that intercalated atoms, chemisorbed randomly between graphene and the substrate, would interact with the underlying surface in a manner similar to the bare surface, leading to quenching of the SS. Such a behavior was demonstrated in the case of intercalated oxygen [10] . It is far less intuitive that physisorbed graphene may have any significant impact on the interaction of intercalated species chemisorbed on the underlying surface such that the surface state remains coherent for any configuration of the adsorbent. This leeds us to the different scenario of intercalated graphene * pervan@ifs.hr, † plazic@irb.hr to surface intercations: not only that intercalated atoms can decouple graphene from the substrate but graphene can, to a certain extent, decouple intercalant from the substrate surface.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Experiments have been performed in an ultra-high vacuum (UHV) ARPES facility in Zagreb and at the ANTARES station at the Soleil synchrotron [the first preliminary results were obtained on the U13 station at the National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory]. An iridium single crystal of the 99.99% purity and orientation accuracy better than 0.1°was used. The substrate was cleaned by several cycles of sputtering with 1.5 keV Ar + ions at room temperature or elevated temperature (1100 K) followed by annealing at 1500-1600 K. The cleanliness and quality of Ir(111) were checked by low-electron energy diffraction (LEED) and ARPES (SS sharpness and intensity). The graphene monolayer on Ir(111) was prepared by a temperature programmed growth cycle (TPG, room temperature ethene exposure 6 × 10 −6 Pa for 60 seconds and flash to 1400 K) followed by a chemical vapor deposition (CVD, 6 × 10 −6 Pa of ethene for 300 s while the sample held at 1150 K) [11] . This TPG + CVD procedure growth leads to uniform orientation of graphene [refered to as Gr/Ir(111)] with the lattice aligned to the substrate lattice (R0) and at full monolayer coverage [11] . Lithium was deposited from a commercial getter source while the sample surface was kept at room temperature.
The ARPES spectra were recorded by the Scienta SES 100 hemispherical electron analyzer with an overall energy resolution of 25 meV and an angular resolution of 0.2°. Photons of 21.2 eV from a nonpolarized He discharge ultraviolet source (beam spot diameter of around 2 mm) were used for excitation. The sample was cooled to 60 K during the ARPES spectra acquisition.
Ab initio calculations were performed within the framework of density functional theory (DFT) as implemented in the VASP code with the projector augmented wave (PAW) method. We used self-consistently implemented van der Waals density functional (vdW-DF) [12] for correlation in combination with the optB88 exchange. The lattice constant of Ir bulk was determined self-consistently while the graphene lattice constant was adjusted to match the Ir(111) surface lattice constant resulting in some strain on the graphene. In all calculations the expansion in plane waves was done using the cutoff energy of 500 eV. The Brillouin zone was sampled by a Monkhorst-Pack [13] choice of k points, namely 15 × 15 × 1, 9 × 9 × 1, 5 × 5 × 1, and 3 × 3 × 1 points were used for the unit cell sizes 1 × 1, 2 × 2, 3 × 3, and 4 × 4, respectively. The Ir(111) surface slab was simulated by five atomic layers of which the top two, along with the C and Li atoms, were allowed to relax until the forces on atoms were below 1 meV/Å. Dipole correction [14] in the direction perpendicular to the slab was used with 20Å of vacuum separating the periodic slab images. Unfolding of the band structure for the unit cells larger than 1 × 1 was done using the theory from Ref. [15] as implemented in the BANDUP code [16] . Charge density differences were obtained by calculating the charge differences between the system (Ir-Li-Gr) and system parts as positioned in the system. In all configurations the optimal energy is achieved with the Li atom in the hcp position with respect to the Ir(111) surface, and with C atoms in on-top and fcc positions (a nonlocal binding energy distribution was analyzed using the JUNOLO code) [17] .
III. EXPERIMENTAL RESULTS AND DISCUSSION
In this work we combined the experimental (LEED and ARPES) and theoretical methods (DFT) to investigate the interaction of Ir SS with adsorbed Li [referred to as Li/Ir(111)] and the modification introduced by graphene positioned on top of Li/Ir(111). Specifically, it has been shown that Ir(111) supports three SS close to the K point [18] of the surface Brillouin zone (SBZ). The one at the Fermi level, exhibiting the d z2 symmetry (S 1 ), is in the focus of the present study. The formation of graphene on the Ir surface strongly reduces the spectral intensity of the S 1 surface state, when probed with 21.2-eV photons (see Fig. 2 in Ref. [11] ). Starodub et al. [19] reported a strong hybridization of this Ir state with graphene π bands.
We first investigated the interaction of the S 1 state on the bare Ir surface with adsorbed Li atoms. LEED measurements show that Li/Ir(111) does not exhibit ordered structures for any concentration of Li. Figure 1(a) shows the ARPES spectra around the K point parallel to the -M-direction (k x , see the inset) of the bare Ir(111) with the S 1 state at the Fermi level clearly discernible. A series of ARPES spectra shown in Figs. 1(b) to 1(e) are related to Ir(111) saturated by Li [we refer to this system as one monolayer (ML) Li/Ir(111)] and subsequently annealed at increasing temperatures, leading to a reduction of the Li coverage. By comparing Figs. 1(a) and 1(b) it is obvious that Li monolayer induces a strong shift of the S 1 state to higher binding energy (0.43 eV) and at the same time substantially reduces its intensity. Figure 1(f) shows the corresponding energy distribution curves (EDCs) that exhibit the expected response of SS to AM adsorption; the increase of Li coverage and a shift of the SS away from the Fermi level are accompanied by a strong reduction of the spectral intensity. Next, we investigated the Li covered Ir(111) overlaid with graphene (Gr) referred to as Gr/Li/Ir(111). Such a structure is obtained by Li intercalation of the Gr/Ir(111) system. To date, numerous aspects of Li intercalation of graphene have been studied experimentally [20] [21] [22] [23] [24] and theoretically [25] [26] [27] [28] , confirming that Li intercalates graphene at room temperature [20] . Bare and fully intercalated Gr/Ir(111) were characterized by ARPES [29] . The main features of the intercalated system are as follows: nearly linearly dispersing graphene π bands, π bands renormalization around the Fermi level due to electron phonon coupling, and a strong shift of the Dirac point (1.63 eV) characteristic of the AM intercalation [30] . Figures 2(a) to 2(e) show a set of ARPES spectra of Gr/Ir(111) intercalated by an increasing amount of Li with the main additional feature: the shift of the S 1 state (0.43 eV) below the Fermi level. It is worth mentioning that under the same experimental conditions the well-known Rashba split SS in the Ir zone center shifts to higher binding energy and quickly disappears from the spectrum as it hybridizes with the bulk bands. A similar shift of the S 1 state has been previously observed in Gr/Ir(111) intercalated by ordered monolayers of Cu [31] and Pt [32] one can see that the SS exhibits very small energy change until the Dirac point reaches the same energy, i.e., 1.3 eV. As more Li is added the Dirac point and the SS show the same energy dependence. This behavior of the SS can be understood in terms of (i) high density of states that require a substantial charge transfer (from Li) to induce any observable shift and (ii) pinning to the graphene π bands at E D B ≈ 1.3 eV through the mutual hybridization which is manifested as a rigid shift of graphene's Dirac cone and Ir SS.
To explore in which way graphene is responsible for this unexpected reappearance of the S 1 we employed the DFT to calculate the Li interaction with the Ir(111) SS band. Figure 4 of the flat line around K) with a caveat that when Li maximal coverage was calculated [corresponding to the ordered phase Ir(111)-(1 × 1)Li] the SS coherence was recovered. However, neither the formation of the (1 × 1)Li superstructure nor the recovery of the surface state was observed in the experiment. This clearly suggests that the electronic states of the disordered Li phase strongly contribute to the Ir SS decoherence as expected [33, 34] . However, what is surprising is that same disordered phase of Li in the presence of graphene has no effect on the coherence of the Ir SS around the K point.
To understand possible channels through which this SS decoherence takes place and conversely, the mechanism through which graphene alters them, we calculated the charge transfer and the corresponding change of the density of states (DOS) induced by Li atoms. Figures 5(a) and 5(b) show a side view of the charge transfer density maps for 0.75 ML of Li on bare Ir(111) and Gr/Ir(111), respectively. In both maps there is a characteristic large amplitude of the charge rearrangement around the adsorbed (intercalated) Li. The calculations suggest that for Gr/Li/Ir(111) the charge originating from Li has been almost equally redistributed to the graphene and Ir surface layer (almost exclusively to the Ir surface state [29] , in contrast to Cs intercalation where the charge is dominantly transferred to the Ir substrate [35] ). Surprisingly, it appears as if the charge transferred from the Li to Ir surface does not depend on the presence of graphene. This is supported by the potential and DOS calculation shown in Fig. 5(c) . The cross-section of the Gr/Li/Ir(111) structure has been superimposed by the corresponding potential and local DOS (LDOS) with and without graphene. The lower pair of curves in Fig. 5(c) shows the electronic potential perpendicular to the surface. Note that graphene bonded to the Ir(111) virtually does not influence the potential in the Ir surface layer. It is therefore not surprising that the charge transferred to the Ir surface layer is not visibly modified by the presence of graphene either [upper pair of curves in Fig. 5(c) ]. Hence, it is puzzling how graphene imposes a difference in the behavior of the SS of Ir if the potential and the charge transferred from Li to the surface layer are not substantially altered by graphene itself. The answer to this question is sought in the charge redistribution in the (E,k) space. The presence of graphene offers to the Li/Ir(111) system a deep potential well that has a capacity to accept electrons within a wide phase space. Graphene redistributes these electrons across the energy spectrum thereby depleting Li DOS available for the interaction with Ir SS but increasing Li DOS at higher binding energies [see Fig. 5(d) ]. The energy range around the Ir SS is expanded in Fig. 5 (e) which shows LDOS projected on Li atoms for Li/Ir(111) and Gr/Li/Ir(111). The charge difference is calculated as a difference between the system and freestanding system parts, i.e., for the case of Gr/Li/Ir 13 16 it is δQ = charge(Gr/Li/Ir 13 16 ) -charge(Ir surface) -charge (freestanding Li 13 16 ) -charge(freestanding graphene). (d) LDOS projected on C atoms (blue) and Li atoms on Ir(111)(green). Brown area shows change of the LDOS projected on Li atoms upon graphene addition, indicating LDOS redistribution of Li states. (e) LDOS projected on Li atoms as indicated in the figure. Shaded area defines the energy range within which SS is dispersed around the K point, areas A and B correspond to the phase space available to SS electrons to scatter into Li states without and with graphene, respectively. C defines the reduction of the phase space available to SS electrons to scatter into Li states in the presence of graphene.
It is obvious that graphene significantly reduces LDOS on Li in the energy range corresponding to the Ir SS (shaded area). It is these Li states that are, through the mutual hybridization with the SS, responsible for its decoherence. Namely, the Ir surface state is characterized by the existence of a single wave function for every point in the phase space (E, k). The interaction of SS with the Li adsorbate introduces at particular k point of the SBZ additional wave functions associated with different electron energies. This interaction becomes a main channel for the incoherent scattering of Ir SS electrons which turns out to be efficiently blocked by graphene due to depletion of these Li states [see Fig. 5(e)] .
A preservation of the SS for 1 ML Li [experimentally observed in Gr/Li/Ir(111) but not in Li/Ir(111)] can alternatively be explained as a consequence of the Li-ordered phase which follows perfectly the symmetry of the SS hence yielding a new coherent SS mixed with Li. Ir SS has been observed in Gr/Ir(111) intercalated by 1ML Cu [31] and Pt [32] systems. However, the lack of the data for Cu and Pt on bare Ir(111) and submonolayer Cu and Pt coverage in Gr/Cu/Ir(111) and Gr/Pt/Ir(111) systems prevents us from making any firm conclusion regarding the influence of graphene on the coherence of the SS for these two intercalants.
In conclusion, we demonstrated that the Ir SS which is strongly perturbed by the disordered Li overlayer recuperates its coherence around the K point when the system is overlaid with graphene. While the previous works on graphene intercalation have shown that intercalant can be efficiently used to separate graphene from the substrate, in this work we demonstrated how graphene participates in decoupling the intercalant from the substrate surface. 
